We investigated a composition-dependent tempering parameter for more accurate prediction of tempered martensite hardness in low alloy steels. The proposed composition-dependent tempering parameter decreased with the addition of alloying elements related to the activation energy for tempering. The tempered martensite hardness calculated using the composition-dependent tempering parameter showed a reliable accuracy compared with experimental data.
Introduction
The primary purpose of the tempering process is to improve the insufficient toughness of quenched martensitic steels, but deteriorating hardness generally accompanies the process. It arises from the complex evolution of microstructures such as the precipitation of transition carbide, decomposition of retained austenite into ferrite and cementite, precipitation and spheroidization of cementite, and the recovery and recrystallization of martensite. 1) To address the complexity, Hollomon and Jaffe 2) proposed a parameter representing the extent of tempering to predict the hardness of tempered martensite. The tempering parameter (TP) is a function of tempering temperature and time as given by
where T is the tempering temperature in Kelvin, t is the holding tempering time in hour for an isothermal condition, and C is a constant. Even though it is known that the evolution of microstructure is mainly dependent on the tempering conditions as expressed in eq. (1), the chemical composition also affects the hardness of tempered martensite. The appropriate C value for experimental steel data is determined, e.g., the value of C for low-carbon boron steel reported by Säglitz et al.
3) was 11.8 whereas Kamp et al.
4)
used a C value of 20.0 for dual phase steels. While the value of C in eq. (1) is relevant to the chemical composition of martensitic steel, quantitative analysis of the C value considering the effect of alloying element addition has not been reported. Therefore, in the present study, we investigate a composition-dependent tempering parameter for predicting the hardness of tempered martensite with enhanced accuracy.
Experimental Data from Literature
The experimental hardness values of tempered martensite with various tempering temperature and time in low alloy steels were obtained from the literature. 2, 521) The alloying elements considered in this work are C, Mn, Si, Ni, Cr, and Mo. Data from the literature including alloying elements other than the above six elements were excluded. Table 1 summarizes the ranges of chemical composition, tempering temperature, holding time, and hardness values from the adopted literature data. The alloy composition range was limited to avoid the effect of secondary hardening from alloy carbides which is observed in high alloy steels. A total of 1926 data points were used in the present study.
Formulation of Composition-Dependent Tempering Parameter
The tempering parameter was derived by assuming that the softening of virgin martensite is a diffusion-controlled phenomenon during tempering of steels.
2) Hollomon and Jaffe confirmed that the hardness of tempered martensite varies with a simple parameter as follows:
where t is the isothermal tempering time, T is the absolute tempering temperature, R is the gas constant, and Q is the activation energy for tempering. According to the analysis of experimental data by Hollomon and Jaffe, 2) t 0 can be assumed to be constant and eq. (2) is rewritten as follows:
Thus, eq. (3) induces the tempering parameter of eq. (1). This means that the hardness of tempered martensite is expressed as a function of the activation energy for tempering. This activation energy changes based on both the tempering condition associated with different tempering stages and alloy composition related to carbide formation. 22) A constant C value of 20 is commonly used for carbon and low alloy steel. There are a few reports that C varies with + Corresponding author, E-mail: seokjaelee@jbnu.ac.kr found a linear decrease in C for the change of carbon content from 0.3 to 1.1 mass%. In addition, Tamaki and Suzuki 15) observed that not only the carbon content but also amounts of other alloying elements changed both the activation energy and C value. Tamura et al. 23) also reported that C is determined based on experimental hardness data. Thus, the composition dependency of the tempering parameter can be taken into account by using a fluctuating C value relying on the chemical composition of alloy steels instead of a constant C value. We propose the tempering parameter taking into account the composition-dependent C function as follows:
where k i is the coefficient for the alloying element i, X i is the amount of alloying element i in mass%, and k 0 is a constant related to the tempering of pure iron. Table 2 lists the optimal values of k i and k 0 which are determined from the experimental data in Table 1 .
By comparing several types of empirical equations for the relationship between the proposed tempering parameter in eq. (4) and the hardness of tempered martensite, we suggest an exponential expression as given. where TMH is the tempered martensite hardness in Vickers and the carbon dependent pre-exponent is used. The coefficients in eq. (5) were determined to minimize the difference between the experimental hardness values of tempered martensite in Table 1 and the calculated hardness values by using eq. (5).
Verification with Discussion
Figures 1(a) and (b) show the measured hardness of tempered martensite with the tempering parameter using a constant C (= 20) and the composition-dependent tempering parameter from eq. (4), respectively. The measured hardness values commonly decrease as the tempering parameter increases. The use of the constant C causes relatively wide data scattering. This proves that the tempering parameter depending only on both tempering temperature and time is limited to express the variation of the hardness of tempered martensite accurately for alloy steels with wide ranges of chemical composition as shown in Table 1 . On the other hand, the use of the composition-dependent tempering parameter effectively reduces data scattering, because the hardness of tempered martensite is affected by the addition of alloying elements even though the tempering condition is identical. Figure 2 shows the variation of the composition-dependent C with the measured hardness in different temperature ranges. Typically the addition of alloying elements increases the hardness of steels, but decreases the compositiondependent C (all k i values are negative). The tendency to decrease the composition-dependent C as hardness increases is observed clearly for all temperature ranges. It seems that the increase of hardness due to the addition of alloying elements can be expressed by using the compositiondependent C regardless of tempering stages. Recently, Mukherjee et al. 21) suggested a regressed equation to predict the tempered martensite hardness for alloy steels considering various alloying elements. They selected the best combination of tempering temperature, tempering time, and composition term with no consideration of the tempering parameter. Figure 3 compares the prediction accuracy by using three different equations: regressed equation, 21) eq. (5) with a constant C value of 20, and eq. (5) It is anticipated that the predicted TTH diagram will be used to determine the tempering condition of low alloy steels to obtain a desired hardness of tempered martensite.
Conclusions
An empirical equation for a composition-dependent tempering parameter has been proposed in low alloy steels. Fig. 2 Relationship between the composition-dependent C function and measured hardness. Ranges of tempering temperature are T < 300°C for low tempering temperature, 300°C < T < 500°C for mid tempering temperature, and T > 500°C for high tempering temperature. The composition-dependent tempering parameter decreases with the addition of alloying elements such as C, Mn, Si, Ni, Cr, and Mo. The hardness of tempered martensite was calculated using the composition-dependent tempering parameter, and it decreased as the tempering parameter increased. The accuracy of the calculated hardness has been improved with the composition-dependent tempering parameter from both that with a constant parameter and that with a regression equation. The time-temperature-hardness diagram of respective alloy compositions can be calculated using the composition-dependent tempering parameter.
